Abstract. In this work, the different exchange freedom, one gloun, one pion or Goldstone boson, in constituent quark model is investigated, which is responsible to the hyperfine interaction between constituent quarks, via the combined analysis of the η production processes, π − p → ηn and γp → ηp. With the Goldstone-boson exchange, as well as the one-gluon or one-pion exchange, both the spectrum and observables, such as, the differential cross section and polarized beam asymmetry, are fitted to the suggested values of Particle Data Group and the experimental data. The first two types of exchange freedoms give acceptable description of the spectrum and observables while the one pion exchange can not describe the observables and spectrum simultaneously, so can be excluded. The experimental data for the two processes considered here strongly support the mixing angles for two lowest S11 sates and D13 states as about −30
Introduction
How to understand the baryon spectrum in the nonperturbative QCD dynamics is still a wide open sector of particle physics after the discovery of the first baryon resonance ∆ by Fermi in the fifties of last century. Due to the difficulty of dealing with the QCD in the nonperturbative energy region, many phenomenological models are proposed to describe the internal structure of the hadron. Among the phenomenological models the constituent quark model (CQM) achieved a vast of successes and become the basis of discussion about the hadron spectrum to some extent, such as the "missing resonances". Even some assumptions of CQM have been confirmed by the modern lattice QCD calculation, such as the massive u d quark with mass about 300 MeV [1] . The relation between CQM and large 1/N c approach and QCD sum rule is also investigated [2, 3, 4] , which supports CQM as a right effective description in nonperturbative energy region.
Expect the confinement potential an important ingredient of CQM is the hyperfine interaction between constituent quarks, which is related to the mass splitting of the states in the same multiplet, such as the two negative parity S 11 nucleon resonances. A popular hyperfine interaction is from the one-gluon exchange (OGE) inspired by the fundamental theory of strong interaction QCD [5, 6, 7] . It is also called as Isgur-Karl model due to the surprising success of their version of OGE in the description of the baryon spectrum and many properties of hadron and the corresponding resonances [8, 9] . A modern model, the Goldstone-boson exchange (GBE) model based on the spontaneous breaking of chiral symmetry of QCD [10, 11] , which is extended from an early version, one-pion exchange (OPE) model [12] proposed by Riska and Glozman about 2000 , can also be applied to describes the baryon spectrum and predict decay properties of resonances [10] and axial charges of baryon [11] . Besides, Manohar and Georgi argued that both Goldstone boson and gluon effective degrees of freedom survive in the spontaneously broken chiral symmetry and confinement energy scales [13, 14] .
A problem arises: which one of them is right? It is natural to judge the different hyperfine interactions in the basic theory of strong interaction QCD. However, the difficulty of application of QCD in the low energy nonpertubative region is just the reason why we adopt the phenomenological model. The Lattice simulation is the unique practical way to apply QCD in this energy region by so far. A valence lattice QCD result, where the pair creation through the Z graphs is deleted in the connected insertions, supports the Goldstone boson exchange picture [15, 16] , but Isgur pointed out that this is unjustified considering that vQCD has a very different spectrum from quench QCD and nature [17] . In Refs. [18, 19, 20] , the confinement of hadrons are investigated in SU(3) lattice QCD, and is well described by the one-gluon-exchange (OGE) Coulomb plus string-theoretical linear potential. However the spindependent part, that is, the hyperfine interaction, which is more important for an constituent quark model, is still introduced by hand. In large 1/N c approaches, Dan Pirjol et al. derived the correlations among the masses and mixing angles and used it to test the different exchange models by study the spin-flavor structure of the negative parity L = 1 excited baryons [3] . They find that the experiment data disfavour the pure gluon-exchange model. However as they indicted at a footnote the Λ(1405) considering there is a confusing state, which may be not a pure three quark state, and the possible long-distance contributions is also non-negligible. Hence their conclusion is not reliable. In Ref [4] both gluon and pion exchange can produce the observed data while the Isgur-karl model need a much smaller exchanged vector meson in a range µ ∼ [0, 400] MeV compared with the Lattice calculation of hybrid meson masses and glueball m g ≈ 800 MeV. More precise use of the Isgur-Karl model and its parameters should be improved to confirm this conclusion.
Another way to evaluate the different hyperfine interactions is applying the corresponding hyperfine interaction to the calculation of the experimental observables and comparing with the experiment data directly. By an effective matrix element method, Georgi et al. analyze the P-wave baryon spectroscopy with both OGE and GBE hyperfine interactions, and find a smaller χ 2 for the former in fitting the data. However the authors claimed that it should not be interpreted as evidence in favor of the chiral quark model picture [14] . A comparative study has been done by calculating the effective baryon-baryon interactions of the 64 lowest channels consisting of octet and decuplet baryons with three types of hyperfine interaction, GBE, OPE, and hybrid model, and find that these three models give similar results, that is, all three models have reproduced the spectrum to some extent [21] . As Isgur suggested the successful description of the spectrum is only necessary but not sufficient to determine whether a model is successful [22] . It is first applied by Chizma and Karl [23] though a simple calculation of mixing angles of the low lying negative parity nucleon resonances S 11 (1535) and D 13 (1650) and large deviation are found. With those mixing angles the OPE can be excluded though the calculation of the helicity amplitudes for the nucleon resonances [24] . However with a remedy that the vector meson exchanged are included the GBE model survived and gave a reasonable mixing angles for the low energy negative parity N * [25] . Thus a more comprehensive test of these two hyperfine interactions is essential.
Recently, the η production processes, π − p → ηn and γp → ηp, are investigated combinedly in a chiral quark approach [26, 27, 28, 29, 30, 31, 32] equipped with OGE [33, 34] . In this approach, the observable are related with the different hyperfine interactions, such as OGE and GBE, through the configuration mixing of wave functions. Hence it is a good place to check the exchange freedom in the constituent quark models. The previous studies show a great success of OGE mechanism. Hence in this work we will study the effectiveness of GBE and OPE in the η productions.
The structure of the paper is as follows. In the next section, a sketch of the theoretical framework of our work will be presented. In section 3, the numerical results will be reported and a discussion about the mixing angles of low lying negative resonances will be presented also. Summary and conclusion will be given in the last section.
Theoretical Frame
In this section we recall briefly the chiral quark approach and the three types of hyperfine interaction. In the chiral quark model approach the amplitudes for a certain resonance can be written as [30, 33, 34] ,
where √ s is the total energy of the system, k and q are the momenta of initial and final states in the CM frame, and M N * is the mass of the corresponding resonance and α is the harmonic oscillator constant. Γ (q) in Eq. (1) is the total width of the resonance, and a function of the final state momentum q. The O N * , the transition amplitude for pseudoscalar meson production through photon and meson baryon scattering, is determined by the structure of each resonance, and takes, respectively, the following CGLN form:
As we found in Ref. [31] , with the helicity amplitudes of photon transition and meson decay, we can directly obtain the CGLN amplitudes for each resonance in terms of Legendre polynomials derivatives. We can connect the transition amplitudes with the multipole coefficients as
where J is the angular momentum of corresponding resonance and E N f and E NI are the energies of incoming and final nucleons. The photoexcitation helicity amplitudes A γ λ , as well as the strong decay amplitudes A m λ , is related to the matrix elements of interaction Hamiltonian [35] as following,
Here the H m is obtained from the effective chiral Lagrangian. Except the transition Hamiltonian the wave function of the nucleon resonances are essential to obtain the transition amplitude in quark model, which is derived from the mass Hamiltonian in a harmonic oscillator basis, i. e. the SU (6) wave functions. Generally the Hamiltonian can be written as the following form
where p i and m i are the momentum and the mass of ith quark. V conf (i, j) is the confinement potential and V hyp (i, j) denotes the hyperfine interaction between ith and jth quark. The OGE hyperfine interactions can be derived from the one gluon exchange between two constituent quarks by non-relativization directly as given by Isgur [5, 6, 23] ,
where α s is an effective quark-gluon fine-structure constant, S i is the spin of ith quark, S ij = 3S i· r ij S j ·r ij − S i · S j with r ij is the separation between ith and jth quark. For the confinement, we follow the original paper by Isgur [6] .
The Hamiltonian of GBE model is more complicated. In this work we will consider all pseudoscalar, vector and scalar meson exchanges except the stange mesons K ( * ) which can not be exchnaged between u or d quarks. The interactions is also derived by the non-relativization and written as
where λ a i denote the Gell-Mann flavor matrices. The explicit expressions of the different meson-exchanges have been given explicitly in Ref. [25, 36] . In GBE model, a modified confinement potential is used as the form
The OPE model can be reached by turning off other exchanges except the pion meson.
Fitting procedure and numerical results
In this work we following the fitting procedure in Ref. [34] . The data sets to be fitted for differential cross-section and the polarized beam asymmetry of γp → ηp and differential cross-section of π − p → ηn is listed in Table 1 . In summary, 3697 experimental points will be used in the fitting procedure. Here the CLAS02 [49] is removed because it is not consistent with the new data CLAS09 as shown in Ref. [34] . In the previous work [34] , the spectrum, which is fitted to the values suggested by Particle Data Group [50] , is included only to give a constraint to the parameters, so the χ 2 for photon and π-induced productions and spectrum are summed up directly. However for investigating the hyperfine interaction of nucleon resonances, the spectrum is very important. Hence a weight factor 150 are introduced for the χ 2 of spectrum in this work. Besides, a weight factor 10 is also introduced to π-induced production.
With the formalism in the previous section we calculate the spectrum of nucleon resonances with mass M < 2 GeV and the ∆(1232) and observables for the η productions. In the low energy region the resonances in the Particle Data Group are adopted besides a new S 11 states. In the high energy region a Reggeized treatment are applied. The theoretical results are fitting to the experimental data by the MINUIT program. To do so, we have a total of 25(23) free parameters for GBE (OPE) model and 19 free parameters for OGE, which will be presented explicitly in the following subsections.
Results for the spectrum
The mass spectrum of nucleon resonances have been studied in various models. In the literatures, OGE, OPE and GBE models can reproduce the mass spectrum successfully [5, 6, 10, 11, 12] . We have checked it with the interaction Hamiltonian given in Eqs. ( 7) and (8) by fitting the values of Particle Data Group. All three models can give excellent description of the mass spectrum with reasonable parameters as expected. However, if the data of observable listed in Table 1 are included in the fitting, the OPE can not give any acceptable results. Hence in this subsection only the results of GBE and OGE models are presented.
We list the parameters related to the mass spectrum for GBE and OGE models in Tables 2 and 3 . For the OGE model, the average χ 2 spec for the mass spectrum decrease obviously, from 3.4 to 1.3, because the contribution of mass spectrum in the total χ 2 is weighted by a factor 150. The parameters related to the spectrum have slight variation and are in the reasonable ranges. For GBE model, we compare our parameters with the ones in Ref. [36] where only the spectrum is considered. As indicated in Table 3 , the non-strange quark mass (m q ) is smaller compared with the one in the original paper but still in the reasonable range in constituent quark model, 200∼350MeV. In order to prevent a proliferation of free parameters, a universal coupling constant g 2 ps /4π is assumed to be equal to the quark-pion coupling constant g 2 π /4π, which is popular used in the literatures [51, 52] . Such treatment is also applied to the vector meson case. The fitted parameters are consistent with the results by Graz group [36] . The confinement strength, C ≈ 2.15 f m −2 , is close to the Lattice one [53] . The average χ 2 spec in GBE model is about 1.6, which is a little larger than the OGE model.
With the above parameters the theoretical results of the mass spectrum by OGE and GBE models are presented in Fig. 1 and compared Compared with the original papers [5, 6] , the results of the OGE model in the current work have an excellent agreement with the values of Particle Data group due to the parameters obtained by fitting not chosen by hand as in the original paper. For the GBE model, most states are well reproduced as the original work. However through the relative ordering of the lowest positive-and negativeparity excitations is obtained rightly, the gap is smaller. If we fitting the mass spectrum only, the gap can be well reproduced. It supports Isgur's suggestion that the mass spectrum is not enough to judge an model. Generally the two models give very similar description of the mass spectrum and reproduce the values suggested by Particle Data Group. In the OGE model the two star P 13 (1900) in Particle Data Group can be assigned as the second P 13 states while in GBE the mass of second states is too low, so we assign the P 13 (1900) as the third one. Because it is not important in the channels considered in this work we will not give any conclusion about this state here.
Results for η productions
In Table 4 , the remaining parameters in GBE and OGE models, which are only involved in the η productions, are listed. For the OGE model after weighted the contribution of spectrum, the parameters is almost unchanged. All parameters for the GBE model are consistent with the ones for the OGE model in the reasonable ranges. The coupling constant g ηN N is 0.146 in GBE model, which is smaller than the one in OGE. Comparable values are also reported in Refs. [54, 55, 56, 57] . Here the strengths for P 13 (1720) and u-channel are consistent in the two models. The mass and decay width of S 11 (1535) are fitted directly due to that it can not be produced by the current mass Hamiltonian and is important for the η productions. The theoretical values are well comparable to the suggest values of Particle Data Group. An additional S 11 with a mass about 1730MeV is introduced for the GBE model as well as the OGE model to reproduce the observables for η productions. Though average χ 2 for spectrum in the OGE model decrease from 3.4 to 1.3 as shown in the previous subsections, the average χ 2 for η photoproduction increase a little. The average χ 2 s in the GBE model for two process are acceptable though a little large than the ones in GBE model.
In Fig. 1 , the variations of χ 2 after turning off the corresponding resonance contribution, without further minimizations, are presented with the mass spectrum. As the mass spectrum, the GBE and OGE models lead to similar mechanism of the two channels considered in this work. Among the eighty resonances considered, six resonances, three S 11 states, first P 13 states, the first D 13 state and F 15 , indicate their existence in the channels considered in this work. The contributions from all five so-called "missing resonances" is negligible in both GBE and OGE models.
The explicit results for the differential cross section and polarized beam asymmetry for γp → ηp at some energy points are presented in the Figs. 2 and 3 . The values in parenthesis are the corresponding total energy of the system W . The curves are: GBE (full), OGE (dotted), and OPE (Dashed). Data are from Refs. [37, 38, 39, 40, 41, 42, 49] .
The differential cross sections in OGE and GBE models are almost same as each other and have agreement with the experiments. The results for OPE model are presented in the same figure also, and one can find the experimental data can not be reproduced especially in low energy region, which is from the wrong mixing angles, and will be discussed later. For the higher energy region, where the t-channel contribution is dominant, the failure of OPE model to fit the data is not from the t-channel itself but the wrong description of resonances in low energy region, that is, the large discrepancy in the low energy region make it difficult to find a set of parameters to give acceptable results in the whole energy region.
For the polarized beam asymmetries, the curves for the OGE and GBE model have a slight discrepancy but both agree with the data. The OPE model can not reproduce the data as shown in results of the differential cross section.
The differential cross sections for the pion induced η production are presented in the Fig. 4 . As in the photopro- duction case, the full model with OGE and GBE model reproduce the data in a very similar ways specially near the threshold while the OPE model can not reproduce the experimental data . 
The mixing angles of negative parity resonances
As suggested and applied by many authors [23, 22, 58] , the mixing angle of two pairs of the negative parity states, θ S for S 11 (1535) and S 11 (1650) and θ D for D 13 (1520) and D 13 (1700), is very important to understand the structure of resonances and underlying dynamics of the interquark interaction. In mid-seventies of the past century, Hey et al. [59] have determined the mixing angles from the decays of baryon resonances as θ S = −31.9
• and θ D = 10.4
• . The standard values of mixing angles in OGE model is θ S = −32
• and θ D = 6
• , which can be obtained without parameter-dependent form the OGE hyperfine interaction [5] . Recently Dan Pirjol et al. [3] apply the large-N c expansion approach to the determination of the mixing angles within the following ranges: 0
• ≤ θ S ≤ 35
• . The OPE model in the literature gives the values of mixing angles as θ S = 26
• and θ D = −53
, which can not reproduce the helicity amplitudes [24] . Glozman [60] pointed out that in the ρ-exchange tensor interaction dominate over the π-exchange tensor interaction in the Pwave baryons. The ρ-like exchange contribute a positive sign to the mixing angle while the π-like exchange contribute a negative sign in the reasonable parameter range. The mixing angles of S 11 and D 13 obtained here in the GBE model are 31
• and −6
• , respectively, which is almost same as values of the OGE model. Combined with the agreement with the experiments of the theoretical results for η productions, it suggests the data for the η productions support these values strongly. Here the OPE models give 24
• and −47
• , which is close to the ones in Ref [23, 25] , 25.5
• and −52.5
• , obtained from the mass spectrum directly. As shown in the above subsections, these values will lead to wrong differential cross sections.
Summary and conclusion
In this work the spectrum and differential cross sections and polarized asymmetries are calculated with the GBE, OGE and OPE hyperfine interactions. The GBE model shows a similar pattern to the OGE in spectrum, observables, even the mechanism of the reactions while the OPE can be excluded by the large discrepancy of the observables for the η productions.
The mixing angles of negative parity states are almost same for GBE and OGE models, which indicates the experimental data of η productions support the convention mixing angles θ S = −32
• . Since both GBE and OGE can produce the right mixing angles for the four negative parity resonances, which play dominant roles in the η production, the η production is not a right place to check these two models. From the theoretical point of view, it is necessary to perform more investigations into CQMs through other channels , such as γp → KΛ and π − p → KΛ. In these reaction channels, the main contributions are not only from negative parity states S 11 (1535) and S 11 (1650) but also from several positive parity states P 11 (1700) and P 13 (1720) and so on. The predictions for the wave function structure of positive parity states in CQMs will provide further information for distinguishing them. Many investigations [61, 62] have shown that in strangeness production channel, missing resonances play essential role in reproducing the rich single and double polarization data, which may be a way to investigate the hyperfine interaction between the constituent quarks.
